Resistance spot welding has been widely used for joining sheet metals, especially in automotive and aerospace industries. However, since the formation of weld nugget is invisible in resistance spot welding, traditionally off-line destructive test is applied for inspection of the weld quality, which is costly and inefficient. Therefore, in recent years, a lot of efforts have been made in estimating or detecting the weld quality nondestructively by on-line welding parameter monitoring. This paper presents a review on techniques of monitoring resistance spot welding process or weld quality, and the advantages as well as limitations of these techniques are discussed.
Introduction
Resistance spot welding (RSW) is widely used for joining sheet metals and is recognized as the most rapid and economic joining method, its unique advantages have kept it as one of the most productive and competitive joining technologies in automotive, aerospace, and other metal processing industries [1] [2] [3] [4] . However, due to the fact that the welding time is short and the weld nugget (as shown in Figure 1 ) is formed inside the workpiece in resistance spot welding, which is invisible and the weld quality can not be assessed by simply observing the nugget, destructive test and such as peel test, shear test, traditionally has to be used for inspection of the weld quality, which is unsatisfactory:
(1) wasteful of time and materials; (2) if the test reveals a defect, all the components welded since the last test may have to be scrapped; (3) since the inspection is on sampling basis, it cannot be guaranteed that all the welds in the accepted lot are defect-free; (4) difference between poor and good weld is not visible to naked eye.
In addition there is a large number of interrelated variables in resistance welding; weld quality is extremely operation dependent and varied from part to part due to such changes as workpiece surface condition, electrode tip fit-up, circuit impedance, shunt effect, and so forth Therefore, in recent years, a lot of efforts have been made in estimating or detecting the weld quality nondestructively by on-line welding parameter monitoring or on-line visual inspection of the welding spot, which is especially beneficial to the continuous production of automated system as the faults may be immediately identified and rectified [5, 6] .
The principle of in-process monitoring and weld quality control is monitoring some phenomena or characteristics which occurs or changes during the formation of the nugget. Although in-process weld quality monitoring or control is still not universally proved, it is certainly the ideal and promising approach [7, 8] . In this paper, a comprehensive review on monitoring resistance spot welding process or weld quality is presented. variables. Normally, the parameters monitored for weld quality detection are classified into two types: one is the parameters related to the power input (e.g., welding current, electrode tip voltage, or dynamic resistance) of the welding process and the other is the one related to mechanical response, such as dynamic electrode displacement, applied electrode force and acoustic emission.
Monitoring the Welding Parameters Related to Power
Input. The power or heat source is closely correlated to the nugget formation; the parameters measured for monitoring the welding process or weld quality include welding current and tip voltage between electrodes, but normally they are not directly used and the dynamic resistance or energy obtained based on them is used instead.
Dynamic
Resistance. Dynamic resistance is computed based on the instantaneous value of electrode tip voltage divided by the corresponding welding current at that moment. For the resistance welding with AC power, the peak values of tip voltage and welding current are used for computing the dynamic electrode resistance in order to reduce the effect of electromagnets [9] [10] [11] [12] [13] [14] [15] [16] [17] . Gedeon et al. [18] in 1987 improved the accuracy of resistance estimation by representing each half cycle of the voltage and current with a curved line. In recent years, Cho and Rhee [19] [20] [21] proposed that dynamic resistance could be obtained from the primary circuit and voltage instead of secondary circuit and voltage because the primary voltage and current can be measured much more easily compared to the other methods mentioned earlier.
A typical curve of time variation in dynamic resistance for welding different materials is presented in Figure 2 [9] . It can be seen that each metal or alloy has its typical pattern of dynamic resistance curve, but only the one of the dynamic resistance curve for mild steel has apparent features correlated with nugget growth and provides a means of monitoring weld quality. The curve for mild steel can be clearly identified in three regions: region Ι where the resistance has a sharp drop corresponding to the breakdown of contact insulation in the beginning of current input; region ΙΙ where there is increasing dynamic resistance owing to the increase of temperature of work piece; region ΙΙΙ where there is decreasing dynamic resistance as the growth of the fused metallic bond; The fall in resistance will be more abrupt if metal splash takes place. Comparable correlation in stainless steel and aluminum is made difficult by the very nature of the curves, and it provides insufficient information for monitoring weld quality. The dynamic resistance is therefore a good method for the monitoring conditions of welding processes and developing faults of the welds for mild steel. However, its major drawback is the accuracy of the dynamic resistance as a function of time. The time-record is highly discontinuous as it is actually performed at a single moment belonging to every half cycle. More recently, input impedance has been used as a signature for monitoring the resistance welding process [22, 23] .
An advantage of dynamic resistance methods is that they do not require the use of complicated sensors for measurement of relevant electrical parameters, and they permit straightforward implementation of real-time systems for controlling the quality of each welded spot.
Input Impedance.
A resistance spot welding machine is equivalent to an electrical circuit consisting of resistance ( ), inductance ( ), and capacitance ( ) in series as shown in Figure 3 . The input impedance of this electrical system is defined as the quotient between the excitation voltage and response current at the input port, which is a function of the system parameters , , and and appears as a complex number depending on frequency. The real part represents the resistance and the imaginary part and the reactance of the electrical circuit. The input impedance characterizes the equivalent circuit of a welding system independent of the excitations. For a RSW system, however, the parameters, particularly the resistance, change dramatically by the successive phases of heating, melting, fusion, and solidification during a welding period. The real part and imaginary part of its input impedance appear therefore as two time-domain records. The patterns of these two time records directly represent the varying conditions of welding process point by point and indirectly reflect the resulting weld quality. The input electrical impedance in can be expressed as
In the above equations, V( ) and ( ) are the analytical signals of real voltage and current signal, respectively. The amplitude | in ( )| and the phase ( ) of the impedance in ( ) represent the amplitude ratio and the phase between the input voltage and input current signal, respectively. The real part ( ) and imaginary part ( ) of in ( ) are actually the resistance and reactance of the equivalent circuit. Figure 4 shows ( ) of resistance spot welding processes creating good and bad welds when welding low carbon steel plates (specimens: two plates are welded, for each with size of 150 × 70 × 0.5 mm, welding parameters: current time 0.1 s, electrode force 1.35 kN, welding current 4.5 ∼ 8.0 kA) [22] . The waveform of ( ) reveals that the variation of the electrical resistance appeared during a welding process. From Figure 4 , it can be seen that the patterns of ( ) curves have apparent features under the different weld qualities. Typically when the weld is good, the resistance increases at the beginning until the first peak where the asperity surface is broken down at the faying surface. It then reduces dramatically to the trough and starts to increase again gradually until the second peak due to the increase of temperature. The second peak roughly implies that the weld nugget grows to its desired size.
Monitoring the Welding Parameters Related to
Mechanical Response
Electrode Displacement.
Electrode displacement has been proven to be a useful signal to monitor the welding quality because it gives a good indication of thermal expansion, melting, and expulsion during resistance spot welding [24] [25] [26] [27] [28] . A typical trace of the electrode displacement of welding mild steel when the weld is good is shown in Figure 5 [26] . At the beginning the displacement is very small due to the small thermal expansion, and then it rapidly rises with the increase of heat input. The peak of displacement waveform corresponds to the maximum expansion which occurs at termination of welding current. When current ceases, the electrode displacement starts to fall owing to cooling. When heat input is not enough to form an ideal nugget (e.g., the welding current is too low), the thermal expansion is smaller; thus the electrode displacement is lower compared to that when the weld is good. When expulsion occurs, the electrode displacement has a sudden fall since the electrode loses contact at the moment and the electrode rapidly moves to another (as shown in Figure 6 ) [26] . So the pattern of the electrode displacement provides good information on welding process and is a good signature for weld quality monitoring purpose. However, the problem is that normally the high-precision laser displacement sensor is needed because the electrode displacement is small and easy to be contaminated by electromagnetic noise, and the laser transducer is more expensive. 
Electrode Force.
In resistance spot welding the electrode force is applied to squeeze the metal sheets to be joined together. The required electrode force must overcome distort of the material so that the sheet metals to be welded at the weld zone have an intimate contact before welding current flow. However, the force must not be too large as it might cause other problems, such as indentation of the metal. During a resistance spot weld, the electrode force exerted on the material is dynamic and closely related to the contact resistance at faying surface. When the electrode force is increased the contact resistance will decrease and thus the heat energy will decrease. This means that a higher electrode force requires a higher weld current [29] [30] [31] .
A typical electrode force curve of stainless steel at preset value of 3.0 kN during welding is shown in Figure 7 . It can be seen that the actual force during welding stage is greater than the preset one (3.0 kN); it increases rapidly at the beginning of welding current application, and then the force reaches its maximum value before the current terminates. The basic reason for the force increase is the thermal expansion of the weld nugget due to Joule heating, which makes the electrode tips apart. After a certain welding time, as the further heat input, the electrode force begins to drop when the weld zone softens and has less resistance to electrode squeezing at high temperature [15] . Figure 8 is the electrode force curve of welding stainless steel with expulsion [29] . It clearly reveals that the electrode force suddenly drops and subsequently has a sharp increase again and then up and down with a fluctuation. This is because, when an expulsion happens, the electrode will suddenly move into another and collide on the part due to the loss of support, and an impact will be excited.
Therefore, the electrode force indicates the welding status and can be used as a signature for monitoring the weld quality, but the drawback is that the transducer is normally more complicated and easy to be polluted by the electromagnetic force compared to the methods of dynamic resistance or electrode displacement [11, 32, 33] . In resistance spot welding, a strong magnetic field is generated due to a high current being applied, and the electromagnetic force has an effect of reducing the electrode force [34] .
Acoustic Emission.
When metal is deformed or cracked by force, it normally releases deformation energy in the form of elastic wave. If this deformation energy is big enough, it will emit audible sound. Resistance spot welding is a process coupled by heat, force and metallurgy. During the nugget formation, it will generate sound wave when the metal in welding zone has deformation and metallurgic transformation. For different welding quality, the sound wave is different, which is the principle of monitoring welding process by using structure-borne acoustic emission signals [35] [36] [37] [38] .
As an example, Figures 9 and 10 show the acoustic emission signals with resistance spot welding aluminum alloy. For the welding cases in both Figures 9 and 10 , the specimen is two-layer aluminum alloy plates with size of 25 × 100×2 mm; the welding current is 24 kA and current duration is 0.16 s, but the electrode pressure force is 0.1 MPa for the weld in Figure 9 , and 0.28 MPa for Figure 10 [37] . It can be found that the stage features presented by the sound signals in welding process are distinguished, including the electrode loading event (arrow 1 in Figure 9 ), nugget nucleation event (arrow 2 in Figure 9 ), electrode unloading event (arrow 3 in Figure 9 ) and cracking event (arrow 4 in Figure 9 ). The expulsion event is indicated as arrow 5 in Figure 10 .
Discussions
Resistance spot welding is a process coupling the mechanical, electrical, thermal, and metallurgical problems. Therefore, the weld quality can be monitored by detecting the process variables correlated to these problems, and these variables are divided into two types: one is the parameters related to the power input and the other is the one related to mechanical response during the welding process. The power input is the heat source which is directly reflected by welding current and tip voltage between electrodes; normally they are not used directly but the dynamic resistance obtained by them is used for monitoring the welding process. The dynamic resistance is a very good parameter for monitoring the welding process for mild steel, but it has some problems in working with stainless steel and aluminum. Since the signal of tip voltage between electrodes is relatively small and the measuring leads have an interruption to the movement of electrode, some researchers suggested measuring the process variables in primary circuit of the welding machine and obtained the variation of the dynamic resistance across electrodes. A similar method is that the dynamic resistance is obtained by the real part of impedance calculated based on the primary current and voltage.
The parameters concerning the mechanical response during resistance spot welding include electrode displacement, electrode force, and acoustic emission. Displacement monitoring has been shown to provide the most reliable indication of spot weld quality through weld expansion measurements no matter what materials are welded; however, this approach is less applicable to flexible equipment such as welding guns in production. Electrode force waveform especially the relationship between force peak and its subsequent force drop is the basis for monitoring the formation of the weld nugget; the problem is that it is less likely to be continuously monitored and easy to be affected by electromagnetic force. Acoustic emission can characterize the resistance spot welding process, and the challenge is that the signal is likely to be contaminated by noise and a sophisticated signal processing method is needed to abstract the features for monitoring the welding process.
